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Efficient Water Use in Dryland Cropping Systems in the Great Plains

David C. Nielsen,* Paul W. Unger, and Perry R. Miller

ABSTRACT those methods as they have been used from the Cana-
dian Prairie Provinces to the southern Great Plains ofSuccessful dryland crop production in the semiarid Great Plains
the United States and the resultant effects on systemof North America must make efficient use of precipitation that is often

limited and erratic in spatial and temporal distribution. The purpose WUE. Additionally, differences in precipitation use effi-
of this paper is to review research on water use efficiency and precipita- ciency (PUE) between cropping systems across the Great
tion use efficiency (PUE) as affected by cropping system and manage- Plains region are identified.
ment in the Great Plains. Water use efficiency and PUE increase
with residue management practices that increase precipitation storage

METHODS FOR INCREASING PSE,efficiency, soil surface alterations that reduce runoff, cropping se-
WUE, AND PUEquences that minimize fallow periods, and use of appropriate manage-

ment practices for the selected crop. Precipitation use efficiency on Tillage Effects on PSE
a mass-produced basis is highest for systems producing forage (14.5 kg
ha�1 mm�1) and lowest for rotations with a high frequency of oilseed Precipitation storage efficiency increases as tillage in-
crops (4.2 kg ha�1 mm�1) or continuous small-grain production in the tensity is reduced during the summer fallow period. The
southern plains (2.8 kg ha�1 mm�1). Precipitation use efficiency when increased soil water storage is a result of both maintain-
calculated on a price-received basis ranges from $1.20 ha�1 mm�1 (for ing crop residues on the soil surface and reducing the
an opportunity-cropped system with 4 of 5 yr in forage production number of times that moist soil is brought to the surface
in the southern plains) to $0.30 ha�1 mm�1 {for a wheat (Triticum as tillage intensity is reduced. Data from winter wheat–
aestivum L.)–grain sorghum [Sorghum bicolor (L.) Moench]–fallow

fallow systems at North Platte, NE (Smika and Wicks,system in the southern plains}. Throughout the Great Plains region,
1968), and Sidney, MT (Tanaka and Aase, 1987), showPUE decreases with more southern latitudes for rotations of similar
fallow PSE increasing from under 25% to around 40%makeup of cereals, pulses, oilseeds, and forages. Forage systems in
as tillage intensity decreased from moldboard plow tothe southern Great Plains appear to be highly efficient when PUE

is computed on a price-received basis. In general across the Great no-till (Fig. 1, top). Data collected at Bushland, TX, fol-
Plains, increasing intensity of cropping increases PUE on both a mass- lowed a similar trend with PSE increasing from 15% with
produced basis and on a price-received basis. disk tillage to 35% with no-till (Unger and Wiese, 1979).

The amount and orientation of crop residue affects
PSE and soil water storage. Data from Sidney, MT; Ak-

In the semiarid regions of the Great Plains of North ron, CO; and North Platte, NE; show PSE over the
America, water is generally the most limiting factor 14-mo fallow period in a winter wheat–fallow system

for crop production. Successful dryland agricultural sys- increasing from 15% to almost 35% as wheat residue
tems in these areas must make efficient use of precipi- mass increased from 0 to 10 Mg ha�1 (Fig. 1, bottom;
tation that is often limited and erratic in spatial and Greb et al., 1967). This is a result of increased shading of
temporal distribution. The limited and erratic nature of the soil surface, cooler soil temperature, and decreased
precipitation in this region led to the development of wind speed at the soil surface (Hatfield et al., 2001).
cropping systems in which one crop was grown every Crop residues also increase precipitation infiltration by
other year to allow soil water recharge during a fallow protecting the soil surface from raindrop impact and
period, which then led to greater yield stability. Those subsequent crusting, thus reducing runoff. Russel (1939)
cropping systems traditionally used tillage to control reported runoff in the April through September period
weed growth during the fallow period. But tillage de- in eastern Nebraska being reduced from 60 mm in a
grades crop residues, making them less effective for disked field without surface crop residues to only a trace
reducing evaporation and leaving the soil vulnerable to where stubble-mulch reduced tillage had been employed
wind erosion. The development of herbicides for weed and where 9 Mg ha�1 of wheat residue remained on the
control during the fallow period resulted in opportuni- soil surface (Fig. 2, top). Baumhardt and Lascano (1996)
ties for more frequent cropping. A number of methods showed cumulative infiltration increasing as amount of
have been developed for increasing precipitation stor- standing and flat wheat residue on the soil surface in-
age efficiency (PSE) and water use efficiency (WUE) creased up to 2.5 Mg ha�1 (Fig. 2, bottom). Other similar
in these dryland systems. This paper reviews several of results illustrating the decreased runoff and increased

infiltration and soil water storage resulting from reduc-
ing tillage intensity and increasing amount of surface cropD.C. Nielsen, USDA-ARS, Cent. Great Plains Res. Stn., 40335 County

Rd. GG, Akron, CO 80720; P.W. Unger (retired), USDA-ARS, Con- residues were reviewed by Unger et al. (1994), Unger et
serv. and Prod. Res. Lab., P.O. Drawer 10, Bushland, TX 79012; and al. (1998), and Unger and Stewart (1983).
P.R. Miller, Dep. of Land Resour. and Environ. Sci., Montana State
Univ., P.O. Box 173120, Bozeman, MT 59717-3120. Received 6 Jan.

Abbreviations: PSE, precipitation storage efficiency; PUE, precipita-2004. *Corresponding author (David.Nielsen@ars.usda.gov).
tion use efficiency based on crop dry matter or seed yield per milli-
meter of precipitation received; PUE$, precipitation use efficiencyPublished in Agron. J. 97:364–372 (2005).

© American Society of Agronomy based on dollars returned per millimeter of precipitation received;
WUE, water use efficiency.677 S. Segoe Rd., Madison, WI 53711 USA
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Fig. 1. Increase in precipitation storage efficiency with reduction in Fig. 2. Reduction in runoff with increase in surface wheat residue
tillage intensity (top) and increase in surface wheat residue mass mass at Lincoln, NE [top, data from Russel (1939)] and increase
(bottom). Data from Smika and Wicks (1968), Tanaka and Aase in infiltration with increase in surface wheat residue mass at Lub-
(1987), Unger and Wiese (1979), and Greb et al. (1967). bock, TX [bottom, data from Baumhardt and Lascano (1996)].

This was a result of greater snow catch by the standingThe PSE data from Bushland, TX (Fig. 1, bottom; Un-
sunflower stalks.ger, 1978), show somewhat higher PSE for given amounts

Residues on the soil surface sometimes improve cropof wheat residue than from the other locations, probably
a result of the difference in observation period. The data
reported from Montana, Colorado, and Nebraska were
calculated over the period of about 15 July of the first
year to 1 October of the next year while the data from
TX were calculated over the period of 1 August of the
first year to 31 May of the next year. As will be discussed
later, by not having the second summer fallow months
(low PSE period during the warm-season months of
June–September) in the PSE calculation interval, the
observed PSE values will be higher.

An important fraction of the precipitation in parts
of the central and northern Great Plains falls as snow.
Standing crop residues are more effective at reducing
wind speed near the soil surface than flat residues and
therefore trap more snow during the winter period. Niel-
sen (1998) measured about 20 cm more stored soil water
after winter in standing sunflower (Helianthus annuus L.)
residue with a silhouette area index (residue height � Fig. 3. Increase in overwinter soil water with increase in silhouette
diameter � population) of 0.07 m2 m�2 than where the area index of sunflower stalks at Akron, CO. Data from Nielsen

(1998).sunflower stalks were lying flat on the soil surface (Fig. 3).



R
ep

ro
du

ce
d 

fr
om

 A
gr

on
om

y 
Jo

ur
na

l. 
 P

ub
lis

he
d 

by
 A

m
er

ic
an

 S
oc

ie
ty

 o
f A

gr
on

om
y.

  A
ll 

co
py

rig
ht

s 
re

se
rv

ed
.

366 AGRONOMY JOURNAL, VOL. 97, MARCH–APRIL 2005

sen, unpublished data, 20032). These increases corre-
sponded to increased plant available water at wheat
planting (Nielsen et al., 2002), resulting in lower water
stress and better plant condition throughout the entire
growing season. The longer interval between wheat
crops may also have reduced root diseases (Cook and
Haglund, 1991), thus improving efficiency of water up-
take although root diseases in winter wheat are rarely
observed in this region.

Furrow Diking Effects
In the southern Great Plains, attempts have been made

to alter the soil surface by use of furrow diking (basin
tillage) in which small earthen dams are constructed at
short intervals in furrows to increase surface detention
storage, thus preventing runoff and increasing infiltra-
tion (Jones and Stewart, 1990). In doing so, more effi-
cient use of precipitation should be made as water is re-

Fig. 4. Changes in water use efficiency due to crop and tillage system tained in the soil system and used for production of
at Garden City, KS. CT � conventional tillage; NT � no-tillage. yield. Results show furrow diking has not consistently
Data from Norwood (1999). increased yields or WUE. For those increases to occur,

precipitation and soil conditions must exist that would
result in runoff if the furrow dikes were not presentWUE. Norwood (1999) showed WUE of corn (Zea mays
(Gerard et al., 1984). In Texas, Baumhardt et al. (1993)L.) and sunflower increasing by 28 and 17%, respec-
noted that furrow diking sometimes increased soil watertively, when the production system moved from a con-
losses to evaporation, resulting in lower yields even thoughventional tillage1 system to a no-till system in a winter
runoff was reduced. They also concluded that furrowwheat–spring crop–fallow rotation (Fig. 4). On the other
diking does not always result in large increases in soilhand, the increases in WUE that he reported for sor-
water because many rain events are small (�20 mm)ghum (6%) and soybean [Glycine max (L.) Merrill]
and are lost to evaporation and that no-tillage of high-(10%) were not significant. Similarly, WUE of winter
residue crops was more effective than furrow dikes forwheat at Akron, CO, increased from 6.9 kg ha�1 mm�1

increasing water conservation on nearly level soils inin a winter wheat–fallow conventional till [W-F(CT)]
semiarid regions.system to 7.5 kg ha�1 mm�1 in a winter wheat–fallow

no-till [W-F(NT)] system to 8.4 kg ha�1 mm�1 in a winter
Crop Type Effect on WUEwheat–corn–fallow no-till (W-C-F) system (Fig. 5) (Niel-

Water use efficiency varies with crop type and plant
part being harvested. Water use efficiencies are higher1Conventional tillage consisted of three or four tillage operations

during the flow period using a sweep plow. for forage crops where the entire aboveground portion
of the plant is harvested compared with WUEs for grain
production (Fig. 6). The highest average WUE among
forage crops grown over 6 yr at Akron, CO, was 22.8 kg
ha�1 mm�1 for forage pea (Pisum sativum L.), declining
to 11.4 kg ha�1 mm�1 for corn silage (Nielsen, unpub-
lished data, 2003). Grain WUE ranged from about 7.5 kg
ha�1 mm�1 for proso millet (Panicum miliaceum L.) and
corn to 3.0 kg ha�1 mm�1 for sunflower. Biederbeck and
Bouman (1994) reported 6-yr average WUE of 18.7 kg
ha�1 mm�1 for dry pea dry matter and 15.3 kg ha�1

mm�1 for spring wheat dry matter at Swift Current, SK,
Canada. Hatfield et al. (2001) provides an extensive
review of literature demonstrating the high WUE ob-
served for forage production compared with seed pro-
duction (including data from the semiarid southern
plains) and the relatively high WUE observed for starch
seed production compared with oilseed production.

The relative differences in WUE between crop types

Fig. 5. Changes in water use efficiency due to tillage system at Akron, 2The unpublished data from Akron presented here and later are
from an alternative crop rotation experiment described in BowmanCO. Data from Nielsen (unpublished data, 2003). See Table 1 for

a definition of cropping system abbreviations. et al. (1999), Anderson et al. (1999), and Nielsen et al. (1999).
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Fig. 6. Water use efficiency of different crop types grown at Akron, Fig. 7. Shift in percentage of total fallow months occurring in three
CO. Data from Nielsen (unpublished data, 2003). time intervals due to cropping system intensification. Data from

Farahani et al. (1998). White � first summer fallow period, gray �
fall–winter–spring period, and black � second summer fallow pe-

have not always been found to be the same across loca- riod. See Table 1 for a definition of cropping system abbreviations.
tions. For example, the relatively higher WUE for wheat
vs. pea (6.5 vs. 4.4 kg ha�1 mm�1 at Akron, CO) (Fig. 6) its noncrop time in the highly efficient precipitation
was also seen in the similar PUE from a 4-yr study at storage period of 16 September to 20 April and only
Bozeman, MT (Miller, unpublished data, 2003) where 5% of its noncrop time in the 1 May to 15 September
wheat PUE � 9.4 kg ha�1 mm�1 and pea PUE � 6.7 kg period in which no precipitation is stored (Fig. 7). This
ha�1 mm�1. The reverse was found at Swift Current, compares with 51 and 31% for the same two periods,
SK, where the 4-yr mean WUE was 9.7 kg ha�1 mm�1

respectively, in the wheat–fallow system.
for pea and 6.4 kg ha�1 mm�1 for wheat (Miller et al.,
2001). Differing distributions of precipitation may ac-

PUE IN GREAT PLAINS CROPPING SYSTEMScount for the differences in WUE between wheat and pea
at different locations in the northern plains. Pea, with Central Great Plains
a relatively shallow root system, efficiently converts A variety of cropping systems ranging in cropping in-in-season rainfall to biomass but is not as efficient with tensity (including cereals, pulse crops, oilseed crops, andsoil water use. In the Bozeman study, there was very low forages) were evaluated at Akron, CO, for PUE (Niel-rainfall in July and August in all 4 yr; at Swift Current, sen, unpublished data, 2003) by taking the total pro-rainfall was more evenly distributed over the months duction (seed for the seed crops and total dry matter forof June, July, and August. Soil water was plentiful at the forages) over a 6-yr period and dividing by the totalBozeman, but wheat made more efficient use of it than
pea did. Anderson et al. (2003) reported WUE at Man-
dan, ND, increasing for dry pea, sunflower, and dry bean
(Phaseolus vulgaris L.) as in-season rainfall went from
above normal to below normal, but for crambe (Crambe
abyssincia Hochst), the reverse was true. Soybean and
canola (Brassica napus L.) WUE were not affected by
in-season rainfall amount.

Effect of Shifting or Reducing
Fallow Period on PSE

Farahani et al. (1998) showed that improvements in
system PSE with cropping intensification (i.e., reducing
fallow frequency) were due to reducing the percentage
of the system fallow time that occurred in the second
summer fallow months, 1 May to 15 September (Fig. 7).
During that time period, temperatures, solar radiation,
and vapor pressure deficits were high, and PSE was low.
Additionally, the percentage of the system fallow time
in the fall, winter, and spring months, (16 September to Fig. 8. Precipitation storage efficiency (PSE) in three time intervals
20 April), where PSE was much higher (Fig. 8), was in- in the fallow period of a wheat–fallow system in northeastern Colo-

rado. Data from Farahani et al. (1998).creased. A wheat–corn–proso millet system has 79% of
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Fig. 9. Precipitation use efficiency (PUE, mass basis) for various crop-
ping systems that include a fallow period at Akron, CO. Cropping
system abbreviations are defined in Table 1. Data from Nielsen Fig. 10. Precipitation use efficiency (PUE, mass basis) for various
(unpublished data, 2003). continuous cropping systems at Akron, CO. Cropping system ab-

breviations are defined in Table 1. Data from Nielsen (unpublished
data, 2003).precipitation received over that period (Fig. 9 and 10).

Precipitation use efficiency was improved when crop-
ping intensity increased from one crop in 2 yr to two ucts (oil) are worth more than the less costly plant

products (starch). Using dollars per unit of precipitationcrops in 3 yr (W-F vs. W-C-F or W-M-F; see Table 1
for definitions of cropping system abbreviations used received can be a more useful way to determine the

efficacy and efficiency with which a given cropping sys-here and in the figures) but not when sunflower was a
part of the system (in either a 3-yr or 4-yr rotation). tem or rotation makes use of water when comparing

across crop types or rotations with different proportionsNielsen et al. (1999) observed that the very dry soil pro-
file following sunflower production in a W-S-F rotation of crop types. Unfortunately, direct comparisons be-

tween systems with and without forage crops may stillwas frequently not recharged sufficiently during the sub-
sequent fallow period to produce profitable wheat yields not be applicable or justified due to large differences

in forage harvest/transportation costs and differences in(about 2500 kg ha�1). For the continuous cropping sys-
tems (Fig. 10), PUE was highest for systems with forage forage grade/quality that are not accounted for (Balten-

sperger and Carr, 2003). Ten-year average market valuesproduction (range 8.4–5.4 kg ha�1 mm�1). The other con-
tinuously cropped rotations had PUEs ranging from 5.9 [1992–2001, www.nass.usda.gov (verified 24 Nov. 2004),

Table 2] were applied to the data collected at Akron,to 2.8 kg ha�1 mm�1.
Due to the different photosynthetic costs of produc- CO, to generate Fig. 11 and 12. The W-C-F rotation had

the highest PUE based on dollar return per millimeter ofing oil, protein, and starch, the PUE changes with the
proportion of crop types in a rotation. These changes in water used (PUE$) of all of the rotations that included

a fallow period ($0.531 ha�1 mm�1; Fig. 11). Precipita-PUE do not necessarily reflect inherent rotation water
wastage or crop physiological inefficiencies. The princi- tion use efficiency was lowest for the W-S-F rotation

($0.338 ha�1 mm�1). The highest PUE$ for the continu-ple of supply and demand generally takes this into ac-
count so that the photosynthetically costly plant prod- ously cropped rotations (Fig. 12) was seen for the all-

Table 1. Meanings of crop abbreviations used in Fig. 4, 5, 7, and 9–16.

Colorado and Kansas studies Saskatchewan studies Texas studies

Abbreviation Meaning Abbreviation Meaning Abbreviation Meaning

W winter wheat CP chickpea Wf wheat for forage
F fallow M oriental mustard Trtf triticale for forage
C corn C canola Wg and W winter wheat for grain
M proso millet DW durum wheat Trtg triticale for grain
S sunflower P pea Sorg grain sorghum
FrM forage millet L lentil Srgf forage sorghum
FrTrt forage triticale W spring wheat Mf forage millet
CS corn silage bean dry bean for seed
FrP forage pea beanf dry bean for forage
P pea Of oat for forage
OC opportunity cropping Canf canola for forage
CT conventional tillage F fallow
NT no-tillage OC opportunity cropping
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Table 2. Prices used for precipitation use efficiency analysis (aver-
age prices received 1992–2001).

Crop Colorado† Saskatchewan‡ Texas†

US$ kg�1

Winter wheat 0.1179 0.1206
Spring wheat 0.1055
Durum wheat 0.1355
Corn (grain) 0.0941
Corn (silage) 0.0811§
Sorghum (grain) 0.0831 0.0915
Sorghum (silage) 0.0716§
Hay 0.0937 0.0716
Sunflower 0.2147
Millet 0.1270§
Dry bean 0.4299
Canola 0.2236
Mustard 0.2471
Lentil 0.2335
Dry pea 0.0780¶ 0.1225
Chickpea 0.2899#

† Colorado and Texas prices obtained from www.nass.usda.gov (verified
24 Nov. 2004).

‡ Saskatchewan prices obtained from www.agr.gov.sk.ca/docs/statistics/
finance/other/handbook02.pdf (verified 24 Nov. 2004) and converted to
US$ using $1 (U.S.) � $1.43 (Canada).

§ Colorado prices for corn (silage), sorghum (silage), and millet are aver- Fig. 12. Precipitation use efficiency (PUE, value basis) for various
aged over 1994–2001 only. continuous cropping systems at Akron, CO. Cropping system ab-

¶ Colorado price for pea is U.S. average price over 1992–2001. breviations are defined in Table 1. Data from Nielsen (unpublished# Saskatchewan price for chickpea is averaged over 1997–2001 only.
data, 2003).

forage rotation (FrM-FrTRT-SC) with a value of $0.754 Northern Great Plains
ha�1 mm�1. The highest PUE$s for continuously cropped

Data taken from a 5-yr study of continuously croppedrotations without forage production was about $0.552
3-yr rotations that included cereals [spring wheat andha�1 mm�1 for the W-W-C-M and W-C-M-P rotations,
durum wheat (Triticum turgidum L.)], pulse crops [pea,not greatly different from the PUE$ for the W-C-F rota- chickpea (Cicer arietinum L.), and lentil (Lens culinaristion. The lowest PUE$s for the continuously cropped Medik)], and oilseed [mustard (Brassica juncea L.) and

rotations were seen for the W-C-P and W-S-M-P rota- canola] crops at Swift Current, SK (Miller et al., 2003a,
tions (about $0.425 ha�1 mm�1). Relatively high PUE$s 2003b; Gan et al., 2003), were used to compute PUE
were seen for the two opportunity-cropped systems values based on product mass (Fig. 13) and price re-
(OC1 � $0.598 ha�1 mm�1, OC2 � $0.556 ha�1 mm�1) ceived (Fig. 14). Prices received are 10-yr average mar-
where crop choice was determined by the expected yield ket values (1992–2001, www.agr.gov.sk.ca/docs/statistics/
for the amount of stored soil water at planting and a finance/other/handbook02.pdf (verified 24 Nov. 2004),
level of expected growing season precipitation. Table 2). Values were converted to U.S. dollars using the

Fig. 13. Precipitation use efficiency (PUE, mass basis) for variousFig. 11. Precipitation use efficiency (PUE, value basis) for various
cropping systems that include a fallow period at Akron, CO. Crop- continuous cropping systems at Swift Current, SK. Cropping system

abbreviations are defined in Table 1. Data from Miller et al. (2003a,ping system abbreviations are defined in Table 1. Data from Nielsen
(unpublished data, 2003). 2003b) and Gan et al. (2003).
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Fig. 14. Precipitation use efficiency (PUE, value basis) for various
continuous cropping systems at Swift Current, SK. Cropping system
abbreviations are defined in Table 1. Data from Miller et al. (2003a,
2003b) and Gan et al. (2003).

Fig. 15. Precipitation use efficiency (PUE, mass basis) for variousexchange rate of $1 (USA) � $1.43 (Canada). Precipita-
continuous cropping systems at Bushland, TX. Cropping systemtion use efficiency on a mass basis ranged from 6.45 to
abbreviations are defined in Table 1. Data from Unger (2001).4.23 kg ha�1 mm�1. In general, the systems with an oil-

seed crop in one or both of the first two phases of a
tions of forage and seed crops, ranged in PUE fromrotation had lower PUE than those systems without
10.70 to 5.62 kg ha�1 mm�1. The lowest PUEs were seenoilseeds. The systems without oilseeds had higher seed
for the all-cereal systems, ranging from 5.93 kg ha�1

PUE (5.81 to 6.45 kg ha�1 mm�1) than those continu-
mm�1 (continuous grain sorghum) to 2.77 kg ha�1 mm�1

ously cropped systems at Akron that were combinations
(continuous triticale). The all-cereal system at Akron,of cereals and pulses (2.81 to 4.89 kg ha�1 mm�1), pre-
CO (W-W-C-M), gave a similar but somewhat highersumably due to the lower evaporative demand associ-
PUE (5.66 kg ha�1 mm�1) than the continuous wheatated with the northern Canadian latitudes (Fig. 13 vs.
system at Bushland (3.35 kg ha�1 mm�1), presumablyFig. 10).
because of the inclusion at Akron of the more efficientWhen PUE is presented on a price-received basis
corn and millet crops and due to the lower evaporative(Fig. 14), the relative rankings of the rotations at Swift
demand at the more northern latitude of Akron. Simi-Current change. The most efficient system was the chick-
larly, PUE of W-C-F at Akron, CO, was higher thanpea–mustard/canola–durum wheat rotation ($0.938 ha�1

PUE of W-Sorg-F at Bushland, TX (4.99 vs. 3.85 kgmm�1), and the least efficient system was the all-cereal
ha�1 mm�1).rotation, wheat–wheat–durum wheat ($0.662 ha�1 mm�1).

When the PUE is based on commodity price (Fig. 16),Continuous wheat had reduced productivity and PUE$
the most efficient system was the Opportunity Cropping 1compared with sequences with a pulse crop appearing
system comprised of pinto bean, forage sorghum, forageat least once in the first 2 yr of this 3-yr sequence. This re-
millet, forage oat (Avena sativa L.), and forage canolasponse was presumably due to suppressive soil conditions
(PUE$ � $1.210 ha�1 mm�1). The least efficient of thefor wheat growth in the continuous wheat sequence
continuously cropped systems was the continuous triti-since neither soil water nor soil N dynamics accounted
cale for grain (PUE$ � $0.334 ha�1 mm�1). Even lessfor this response.
efficient was the wheat–grain sorghum–fallow system
(PUE$ � $0.298 ha�1 mm�1). This system was lower inSouthern Great Plains
efficiency than the similarly structured wheat–corn–

Data taken from a 5-yr study of continuously cropped fallow (PUE$ � $0.532 ha�1 mm�1) and wheat–millet–
rotations that included cereals, pulse crops, and oilseed fallow (PUE$ � $0.503 ha�1 mm�1) rotations grown
crops grown for both seed and forage at Bushland, TX at Akron.
(Unger, 2001), were used to compute PUE based on
product mass (Fig. 15) and price received (Fig. 16). Prices CONCLUSIONS AND FUTUREreceived are 10-yr average market values (1992–2001, RESEARCH NEEDSwww.nass.usda.gov, Table 2). As with the data from
Akron, the highest PUEs (mass basis) were seen in the Efficient use of limited water supplies in dryland crop-

ping systems in the semiarid Great Plains of North Amer-systems with forage production. The continuous wheat
and continuous triticale (�Triticosecale spp.) systems ica is critical to system success. Water use efficiency in-

creases with residue management practices (especiallyhad PUE of about 14 kg ha�1 mm�1. The opportunity-
cropped systems, two of which consisted of combina- reduced tillage and no-till) that increase PSE, soil sur-
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velopment and use of more effective herbicides.
By using stripper headers, virtually all of the plant
stems remain upright, resulting in slower residue
decomposition and greater shading and wind speed
reduction, thereby reducing soil water evapora-
tion. Similarly, it may be possible to plan the proper
sequencing of crops to provide optimum crop resi-
due type, orientation, and amount for seeding the
subsequent crop.

2. Implement flexible rotations (i.e., opportunity crop-
ping). The occurrence of precipitation and, hence,
the availability of adequate stored soil water for a
crop is highly variable, especially in semiarid re-
gions. Sometimes stored soil water at normal plant-
ing times for a crop in a given cropping system is
limited; at other times, adequate water for a crop
is available when the planting of a crop had not
been planned, as is the case periodically in the
southern plains late in the season or soon after
harvesting a crop. By practicing opportunity crop-
ping, some crop generally could be planted when
water becomes available. The goal should be toFig. 16. Precipitation use efficiency (PUE, value basis) for various
grow a crop whenever conditions are or becomecontinuous cropping systems at Bushland, TX. Cropping system

abbreviations are defined in Table 1. Data from Unger (2001). favorable and not according to some predetermined
schedule. Implementation of such a system would
require careful use of herbicides to avoid adverseface alterations that reduce runoff and increase infiltra-
carryover effects. Such a system in which croption of precipitation, cropping sequences that minimize
choice is determined by amount of stored soilfallow periods, and use of appropriate management prac-
water may not be as feasible in the northern plainstices for the selected crop (e.g., adapted cultivars, appro-
where crop yields appear to be much more depen-priate fertility levels, and effective weed control). Pre-
dent on growing season rainfall than on stored soilcipitation use efficiency on a mass-produced basis is
water (Miller et al., 2003c).highest for systems producing forage and lowest for ro- 3. Match crop cultivar selection to prevailing weathertations with a high frequency of oilseed crops. Through- conditions. Genetic yield potential is linked posi-out the Great Plains region, PUE decreases with more tively with maturity, so cultivar evaluation trialssouthern latitudes for rotations of similar makeup of conducted under conditions of adequate soil water

cereals, pulses, oilseeds, and forages. Forage systems in and N often favor longer-maturity cultivars and
the southern Great Plains appear to be highly efficient influence farmer choice. For example, in the north-
when PUE is computed on a price-received basis. In ern plains, summer drought in July typically termi-
general across the Great Plains, increasing intensity of nates the growing season and consequently early
cropping increases PUE on both a mass-produced basis maturing cultivars, with lower genetic yield poten-
and on a price-received basis. However, continuous crop- tial, may yield relatively greater. In the southern
ping under dryland conditions in the semiarid Great Plains plains, a producer may use a longer-maturity class
remains risky due to the limited precipitation (erratic sorghum when adequate soil water is available at
in distribution and frequency) and high potential evapo- early planting times, but a shorter maturity class
ration, especially in the southern Great Plains. when planting is delayed.

In the future, increases to semiarid dryland system 4. Improve timeliness of cultural operations, includ-
WUE and PUE may come from continued improvement ing early seeding of crops and optimum timing of

weed control, and time operations to coincide within managing residues, herbicides, and crop choice. We
favorable conditions as predicted by short-termsuggest the following as potentially fruitful areas of re-
(48–72 h) weather forecasts. The land area-to-farmsearch that may improve system WUE:
operator ratio is increasing steadily throughout the

1. Increase amount and persistence of crop residues. Great Plains, resulting in a complex web of activi-
Crop residues on the soil surface increase infiltra- ties competing for timeliness. Herbicide applica-
tion, reduce runoff, and reduce evaporation. Un- tion is a critical new attribute of conservation till-
fortunately, residue amounts often are limited due age systems, and climatic conditions that permit
to low precipitation during the growing season, early seeding for increased yield potential of spring
rapid decay (especially in the central and southern and winter crops may not favor effective pre-emer-
plains), or partial incorporation into soil by tillage gent weed management. This frequently results in a
even though the amount of tillage may be reduced. compromise between pursuing optimal yield goals
Ways should be sought to increase residue reten- and weed management. This dilemma is one exam-
tion on the soil surface. Possible methods include ple that would benefit from system-oriented stud-

ies, aiming to increase crop PUE.the use of stripper headers for harvesting and de-
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